ABSTRACT: The glycoprotein, lubricin, is the primary boundary lubricant of articular cartilage and has been shown to prevent cartilage damage after joint injury. In this study, a library of eight bottle-brush copolymers were synthesized to mimic the structure and function of lubricin. Polyethylene glycol (PEG) grafted onto a polyacrylic acid (pAA) core mimicked the hydrophilic mucin-like domain of lubricin, and a thiol terminus anchored the polymers to cartilage surfaces much like lubricin's C-terminus. These copolymers, abbreviated as pAA-g-PEG, rapidly bound to cartilage surfaces with binding time constants ranging from 20 to 39 min, and affected lubrication under boundary mode conditions with coefficients of friction ranging from 0.140 AE 0.024 to 0.248 AE 0.030. Binding and lubrication were highly correlated (r 2 ¼ 0.89-0.99), showing that boundary lubrication in this case strongly depends on the binding of the lubricant to the surface. Along with time-dependent and dose-dependent behavior, lubrication and binding of the lubricin-mimetics also depended on copolymer structural parameters including pAA backbone length, PEG side chain length, and PEG:AA brush density. Polymers with larger backbone sizes, brush sizes, or brush densities took longer to bind (p < 0.05). Six of the eight polymers reduced friction relative to denuded cartilage plugs (p < 0.05), suggesting their potential to lubricate and protect cartilage in vivo. In copolymers with shorter pAA backbones, increasing hydrodynamic size inhibited lubrication (p < 0.08), while the opposite was observed in copolymers with longer backbones (p < 0.05). These polymers show similar in vitro lubricating efficacy as recombinant lubricins and as such have potential for in vivo treatment of post-traumatic osteoarthritis. ß
A persistent challenge in the treatment of post-traumatic osteoarthritis (PTOA) is the identification of agents to alter the progression of cartilage damage after injury. Much effort has been focused on the development of injectable lubricants to protect cartilage. The two main lubricants in synovial fluid, hyaluronic acid (HA) and lubricin, have both been explored as injectable treatments after cartilage injury. Although used widely for advanced osteoarthritis (OA), HA injections alone do not protect cartilage after injury. [1] [2] [3] Recently, there has been great interest in the therapeutic potential of lubricin delivery for PTOA.
Lubricin is a glycoprotein found in synovial fluid and on the surface of articular cartilage in joints. 4 Although multiple studies describe association with the articular surface and lubrication by other synovial fluid components such as hyaluronic acid (HA), [5] [6] [7] analysis of lubrication modes for articular cartilage explants indicates that lubricin is the most effective lubricant of the tissue in boundary mode. 8 Lubricin reduces friction of cartilage surfaces by as much as 70%. 9 In diseased or injured joints, lubricin levels are reduced for up to 12 months 10 and friction is higher. 9 The reintroduction of lubricin into damaged joints has demonstrated chondroprotective ability, reducing the progression of cartilage damage by as much as 83%. 2, [11] [12] [13] [14] [15] [16] Notably, lubricin's efficacy has been demonstrated in post-traumatic models of ACL transection and meniscus destabilization as well as genetic models of lubricin deficiency and metabolic models of OA. 17 The restoration of cartilage lubrication and the ability to prevent damage progression demonstrates the potent therapeutic potential of lubricin. However, a lack of availability of recombinant versions of the glycoprotein stands as a significant barrier to clinical development, preventing the use of lubricin as a treatment for OA and similar diseases or injuries. 11 Considerable work has been done in furthering the development of recombinant lubricins, [18] [19] [20] [21] but these lubricins are still not commercially available for widespread study or use.
The potent lubricating ability of lubricin arises from two key structures: a mucin-like lubricating domain and a binding terminus. The central mucin domain of lubricin consists of a core protein of about 200 nm long surrounded by a dense hydrophilic oligosaccharide brush with sugars ranging from 0.4 to 2.3 kDa in size. 22 The C-terminus of lubricin is a 120 peptide long sequence 23 that is responsible for binding the molecule to fibronectin and collagen at the cartilage surface. 24 The lubricating mechanism of lubricin is believed to arise from these two structural components working together. 25 The C-terminus anchors the molecule to the cartilage surface, 26, 27 while the hydrophilic oligosaccharides attract and retain water near the articular surface. 28 A population of lubricin molecules then form a network of hydrophilic mucins anchored to the cartilage surface, promoting the formation of a lubricating fluid film that separates surfaces and facilitates movement even during conditions of high opposing pressure and low articulating speeds.
The proposed lubricating mechanism depends solely on the structure of lubricin. As such, analogous molecules with similar structures could potentially reduce boundary friction as well. This notion has inspired the use of synthetic polymer brushes as boundary lubricants bound to metal and mica surfaces. 29 It has also led to the modification of cartilage surfaces to bind viscous lubricants expanding their lubricating abilities and reducing boundary friction. 30 However, these methods involve forced tethering and the modification of cartilage surfaces and do not mimic the passive binding domain as part of the molecule that will allow for passive binding to the cartilage surface.
Thus, we hypothesized that biomimetic polymers with structures analogous to both the binding and lubricating domains of lubricin will effectively bind to and lubricate articular cartilage. This study reports the development and investigation of a series of such synthetic lubricants and a quantitative analysis of their cartilage lubrication efficacy. The objectives of this study were to (1) develop a library of tunable synthetic lubricants that mimic the lubricating and binding domains of lubricin; (2) characterize the binding kinetics and dose-response characteristics of these lubricants to cartilage surfaces; and (3) similarly quantify the ability of these polymers to lubricate cartilage under boundary mode conditions.
MATERIALS AND METHODS

Materials
Acrylic acid (AA, 99.5%) stabilized with 200 ppm 4-methoxyphenol, methanol (99.8%) and sodium borate buffer were obtained from VWR (Radnor, PA, USA). 4, 4 0 Azobis (4-cyanopentanoic acid) (A-CPA) and 4-cyano-4-(phenylcarbonothioylthio) pentanoic acid (CPA-DB) (>97% HPLC) was obtained from Sigma-Aldrich (St. Louis, MO). Methoxy-poly-(ethylene glycol)-amine powder (PEG-NH2) was obtained from Jenkem Technologies (Beijing, PRC) and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) was from TCI America (Portland, OR). All chemicals were used as received unless otherwise specified.
Synthesis of Lubricin-Mimetics
We mimicked the brush-like mucin domain by grafting hydrophilic polyethylene glycol (PEG) brushes to a polyacrylic acid (pAA) core. The pAA was synthesized via reversible addition À fragmentation chain-transfer polymerization (RAFT) polymerization using acrylic acid (AA), 4,4 0 -azobis 4-cyanopentanoic acid (A-CPA) and 4-cyanopentanoic acid dithiobenzoate (CPA-DB) under anhydrous, airtight, and dark conditions 31 ( Supplementary Fig. S1 ). In the reactions, AA concentration was maintained (3 mM) while varying the concentrations of A-CPA and CPA-DB. A typical reaction scheme to produce 60,000 g/mol pAA is as follows: AA (950 ml) was added to a flame dried 5 ml brown ampule with magnetic stirrer. CPA-DB (5.3 mg) was dissolved in nitrogenpurged methanol (2.9 ml) and added into the ampule. A-CPA (1.3 mg) was dissolved in nitrogen-purged methanol (0.7 ml) and added into the ampule to initiate the reaction. Dry nitrogen gas was purged through the reaction headspace during and after the addition of each reagent for several minutes to prevent oxygen entry. Following the last nitrogen purge, the brown ampule was flamed sealed and placed in a 60˚C oil bath for 48 h. Upon reaction completion, the ampule neck was broken, exposed to air, and cooled in ice to stop further reaction. Next, the solution was diluted with, and dialyzed against, deionized water for 3 days then lyophilized to obtain a white, waxy powder.
PEG was then grafted to the pAA chain. The pAA-g-PEG copolymer was synthesized via conjugation chemistry using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methyl morpholinium chloride (DMTMM) as the coupling agent based on a procedure developed previously. 32 An example reaction is as follows: pAA (10 mg, M W 60,000) and PEG-amine (0.151 g, M W 2,000) were dissolved and stirred together at PEG:AA ratio of 0.5 in 2.4 ml of 0.1 M borate buffer (pH 8.5) in a 10 ml flask with magnetic stir bar. DMTMM (19.2 mg) dissolved in 0.6 ml of 0.1 M borate buffer was then added drop-wise to the mixture and pH was adjusted to 6-7 using 1 M HCl. The reaction was run over 24 h, then dialyzed against deionized water for 3 days, before being lyophilized to recover a white powder. pAA and pAA-g-PEG were chemically characterized by 1 H NMR.
Bovine Cartilage Preparation
For the synthetic lubricants to mimic the boundary lubricating ability of lubricin, they must bind to the articulating surface. The thiol terminus of the pAA-g-PEG molecules was designed to interact with the collagen fibers of native cartilage. Neonatal bovine cartilage was used to evaluate the binding and lubricating ability of the lubricin-mimetics. Full thickness bovine articular cartilage from the patellofemoral groove was removed at the chondro-osseus junction from 1-to 3-day-old calves, and subsequently frozen at À20˚C. At the time of testing, the tissue was thawed in a water bath at 37˚C. A biopsy punch and a scalpel blade were used to form cartilage plugs 6 mm in diameter and 2 mm thick, keeping the superficial zone intact. Native lubricin was removed from the plugs by immersion in a 1.5 M NaCl solution for 30 min, followed immediately by immersion in PBS for 60 min. 26, 33 Attachment to Cartilage and Binding Assessment To evaluate polymer-cartilage binding, lubricin-mimetics were tagged with fluorescein-5-thiosemicarbazie via DMTMM chemistry in 0.1 M borate buffer (pH 8.5) at a [fluorescein-5-thiosemicarbazide]:
[AA] ratio of 0.1 following a similar protocol to PEG conjugation onto pAA but without pH adjustment. The tagged polymer was dissolved in PBS and cartilage plugs were incubated by immersion in these solutions. Following incubation, the plugs were rinsed twice with PBS to remove any unbound polymer from the articular surface and then imaged.
Imaging was performed with a Zeiss 710 confocal microscope on a Zeiss Axio Observer Z1 inverted stand using a 40 /1.2 C-Apochromat water immersed objective operated by ZEN Software (Carl Zeiss MicroImaging, Jena, Germany). As previously reported, 34 the cartilage surface was located using confocal reflectance and the fluorescently tagged polymers BIOMIMETIC LUBRICANTS FOR ARTICULAR CARTILAGE were viewed using confocal fluorescence imaging. Confocal reflectance imaging was performed in conjunction with fluorescence imaging by splitting a 488 nm laser. Confocal reflectance microscopy was performed at 475-510 nm by collecting backscattered light reflected by collagen fibers through a 30 mm pinhole and using a pixel dwell time of 1.58 ms. Fluorescently tagged lubricin-mimetics were captured at 500-580 nm. In the images, red represents collagen content, while polymers are green. Once the surface was located by imaging the reflectance of the collagen fibers, the corresponding fluorescence image was used to indicate polymers at the cartilage surfaces. The fluorescence intensity was normalized to the collagen reflectance intensity to minimize topographical artifact (e.g., peaks or valleys that appear black on imaged surfaces).
Cartilage Lubrication
To assess the lubricating ability of the lubricin-mimetics, denuded cartilage plugs were incubated by immersion in solutions of the copolymers. After incubation, the plugs were rinsed twice with PBS to remove any unbound polymer from the tissue. The cartilage plugs were then loaded into a custom-built tribometer 35 to determine their frictional behavior. A 40% compressive normal strain was imposed on each cartilage plug to ensure that the tissue was in boundary mode lubrication, 36, 37 and 60 min was allowed for the hydrostatic pressure within the porous tissue to equilibrate. 36 The tribometer then linearly oscillated each plug against a polished glass counterface in a PBS solution at a speed of 0.3 mm/s. The large strain and slow speed values were chosen because these conditions are well within boundary mode lubrication for this system. 36 To assess binding kinetics, cartilage plugs for both binding assessment and friction testing were incubated in 3 mg/ml lubricin-mimetic solutions for incubation times of 0, 15, 30, 60, 90, and 120 min. Fluorescence intensity and friction data were plotted as functions of incubation time and were fit to first order binding models of the forms
where Z is the normalized fluorescence intensity, m is friction coefficient, m 1 is the coefficient of friction at maximal polymer binding, and m 0 is the coefficient of friction in the absence of polymer binding. For dose-response experiments, plugs were incubated for 120 min in lubricin-mimetic solutions of 0.03, 0.1, 0.3, 1, and 3 mg/ml. Similarly, the fluorescence intensity and friction data from the doseresponse experiments were plotted against lubricant concentration and fit to first order binding models of the form 
RESULTS
Synthesis
A library of eight lubricin-mimetics was created with a range of backbone sizes, brush sizes, and brush densities ( Table 1 ). The modular design of the brush copolymers was aimed at creating a lubricin mimic with a tunable lubricating, mucin-like domain. The lubricating domain of the lubricin-mimetics was altered by controlling the three structural variables: pAA size, PEG size, and PEG:AA density. Different lubricin-mimetics were synthesized using two molecular weights of the pAA backbones (Mw 60 and 105 kDa) and two molecular weights of the PEG side chains (Mw 2 and 10 kDa). Adjusting feed ratios of each polymer during the conjugation process controlled brush density of each polymer configuration. Feed ratios of 50 and 200-percent PEG-saturation were used, where a 100-percent feed ratio refers to grafting polymers in a solution supplying exactly enough PEG to fill every available carboxyl functional group on the pAA backbone.
Changing the pAA backbone size, PEG brush size, and PEG:AA brush density enabled control of the hydrodynamic size of the lubricants. Hydrodynamic sizes of the polymers ranged from 46 to 123 nm, compared to 173 nm for lubricin, 38 and 62 nm for the truncated lubricin mutant LUB: 1. 11,38 Increasing the pAA size from 60 to 105 kDa increased hydrodynamic size in all polymers. Similarly, polymers with larger PEG side chains (10 kDa) had larger hydrodynamic sizes than those with smaller PEG chains (2 kDa). In fact, the hydrodynamic sizes of the lubricin-mimetics had the most dependence on PEG molecular weight, with the four largest polymer configurations containing the larger PEG side chains. The relationship between brush density and hydrodynamic size of the polymers was less clear. When the PEG:AA feed ratio was changed with regard to polymers with larger pAA backbones, an increase in the feed ratio from 0.5 to 2 uniformly resulted in polymers with larger hydrodynamic sizes. However, when this was done with regards to polymers with smaller pAA backbones, no such increase was observed.
Binding Assessment
The lubricin-mimetics effectively bound to cartilage surfaces (Fig. 1) . Cartilage surfaces were first located using the natural reflectance of the cartilage's collagen fibers. Then, fluoroscein-tagged polymers bound to the cartilage surfaces were imaged using fluorescence confocal microscopy. The lubricin-mimetics bound to the cartilage in a time-dependent manner (Fig. 1a-c ).
The polymers also had a specific affinity to collagen, evidenced by a higher local fluorescent intensity near the fibers (Fig. 1c) . Time-dependent behavior of the binding of the lubricin-mimetics to cartilage was quantified using confocal intensity (Fig. 2a) . Binding for all the polymers fit well to first order binding models (r 2 ¼ 0.81-0.99; RMSE ¼ 0.053-0.14). Binding increased with incubation time, with time constants ranging from 20 to 39 min. Though these time constants are longer than those of lubricin (t ¼ 9 min 9 ), they are well below the clearance time of synovial fluid, approximately 5 h, suggesting that the lubricin-mimetics would bind to the cartilage surfaces long before they leave the joint.
Similarly, lubricin-mimetics bound to cartilage in a dose-dependent manner (Fig. 2b) . Though we were unable to achieve saturation with our dose dependence experiments due to the limited solubility of the copolymer brushes at concentrations approaching 10 mg/ml, the data were fit to first order binding models Similarly, the lubricin-mimetics demonstrated a dose-dependent lubricating behavior, as friction coefficients decreased with an increase of polymer concentration. Again, due to limited solubility of some the polymers approaching concentrations of 10 mg/ml, friction coefficients tested may not have reached potential minima. The friction coefficients were measured at 120 min, exceeding the lubrication-cartilage binding time constants by three-to sixfold to ensure that polymer saturation had been reached on the cartilage surfaces at a given concentration. The data were fit to first order binding models (r 2 ¼ 0.80-0.99; RMSE ¼ 0.069-0.25), with half maximal effective concentrations ranging EC 50 ¼ 0.2-3 mg/ml. These EC 50 values correlated strongly (r 2 ¼ 0.84-0.96) with the K D values obtained from the dose-response-binding experiments, but are also 1-3 orders of magnitude larger than that of native full-length lubricin (0.19-4.1 mg/ml compared to 0.012 mg/ml for lubricin).
Like lubricin, the copolymer brushes effectively lubricated cartilage once bound. Six of the eight lubricin-mimetics tested significantly reduced friction coefficients, with coefficients of friction ranging from 0.140 AE 0.024 to 0.248 AE 0.030 compared to the coefficient of friction for cartilage stripped of lubricin m eq ¼ 0.276 AE 0.007 (Fig. 3) . And while none achieved friction coefficients similar to that of lubricin (m eq ¼ 0.093 AE 0.010 9 ), two of the eight had significantly lower friction coefficients than the truncated lubricin-mutant LUB:1 (m eq ¼ 0.23 AE 0.02 11 ), which has previously demonstrated chondroprotective ability.
11
Structure-Property Relationships While all lubricants bound relatively rapidly to cartilage surfaces, the binding time constants of the polymers depended on the composition and structure of the lubricin-mimetics. Increasing backbone size, side chain length, and feed ratio all significantly increased binding times; Fig. 4 ). Binding time constants were most sensitive to changes in PEG:AA feed ratios, which increased by an average of 50%. They were influenced by pAA backbone length (28% average increase) and PEG side chain length (10%) changes to a lesser extent. Furthermore, increasing both the pAA backbones and feed ratios lengthened binding times (64%, p < 0.01) more than increasing either parameter alone, suggesting that an interaction between the two structural parameters influences binding.
The relationship between copolymer structure and lubricating ability was less clear. By changing pAA size, PEG size, and PEG brush density of the lubricinmimetics, different coefficients of friction were observed (Fig. 5) . A relationship with overall hydrodynamic size and friction coefficients was also undetermined. Two separate trends were observed between friction coefficients and hydrodynamic sizes of polymers with pAA backbone sizes 60 and 105 kDa distinctly. Friction coefficients of polymers with pAA backbone sizes of 60 kDa increased as hydrodynamic size increased (p < 0.08). Among those with 105 kDa pAA backbones, however, polymers of larger hydrodynamic sizes lubricated more effectively (p < 0.05). Figure 3 . Like lubricin, the copolymer brushes effectively lubricated cartilage once bound. Six of the eight lubricin-mimetics tested significantly reduced friction coefficients compared to unlubricated cartilage (cartilage stripped of lubricin). And while none achieved friction coefficients similar to that of lubricin (the friction data for lubricin were taken from Gleghorn et al. 9 ), two of the eight had significantly lower friction coefficients than the truncated lubricin-mutant LUB:1 (friction data for LUB:1 were taken from Flannery et al. 11 ), which has previously demonstrated chondroprotective ability.
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DISCUSSION
In this study, a family of biomimetic boundary lubricants was synthesized to mimic the brush-like structure of the natural glycoprotein lubricin and its ability to bind to and lubricate cartilage surfaces. With a thiol-terminated core, these lubricin-mimetics were able to adhere to the articular surface of cartilage, and because of this attachment they effectively lubricated the cartilage surfaces.
Much like lubricin, the lubricin-mimetics are boundary lubricants designed to self-assemble on cartilage surfaces, leading to lubrication. The copoly- Figure 4 . Polymer configurations with larger pAA backbone sizes (p < 0.01), PEG side chain sizes (p < 0.05), and PEG:AA grafting ratios (p < 0.01) had larger binding time constants. Increasing both the pAA size and the PEG:AA feed ratio had a greater effect on lengthening binding times than did increasing either parameter alone (p < 0.01), suggesting an interaction between the two structural parameters exists that influences binding. Figure 5 . By changing the pAA size (p < 0.08) and the PEG:AA density (p < 0.05) of the lubricinmimetics, different coefficients of friction were observed. Additionally, interaction terms existed between pAA size and PEG size (p < 0.01), between PEG size and PEG:AA density (p < 0.05), and between pAA size, PEG size, and PEG:AA density (p < 0.01). However, the relationship between these structural variables and lubrication was unclear. A relationship with overall hydrodynamic size and friction coefficients was also undetermined. However, two separate trends are observed when looking at the relationship between friction coefficients and hydrodynamic sizes of polymers with pAA backbone sizes 60 and 105 kDa distinctly. Friction coefficients of polymer configurations with pAA backbone sizes of 60 kDa increased with hydrodynamic size (p < 0.08). Conversely, larger polymers with 105 kDa pAA backbones lubricated more effectively (p < 0.05).
BIOMIMETIC LUBRICANTS FOR ARTICULAR CARTILAGE
553 mers adsorb to the cartilage surfaces during incubation, creating a network of hydrophilic brushes across the articular surface that potentially traps a lubricating film. Similarly self-assembling molecules have been extensively studied to examine the adsorption of proteins and other biomolecules, 39 and also to create synthetic boundary lubricating films. 40 In these systems, strong substrate binding and conformation of brush structure greatly influence lubricating properties. 41, 42 Each pAA-g-PEG copolymer of the family of lubricin-mimetics tested demonstrated a range of binding and lubricating abilities. Similar to these selfassembling lubricating films, the polymers' structural properties greatly impacted binding kinetics. Copolymers with larger pAA backbones, PEG brushes, and PEG:AA brush density took longer to bind. A clear relationship between copolymer structure and lubricating ability, however, was not determined.
The lubricin-mimetics were designed to have both tunable lubricating domains and tunable binding domains. The lubricating domain configuration is controlled by changing the structural variables of pAA backbone size, PEG brush size, and PEG:AA brush density. By changing these variables, the physical characteristics of the polymer configurations varied significantly which is apparent in the range of hydrodynamic sizes previously discussed. As expected, changing the structural variables also influenced the polymers' ability to bind to and lubricate cartilage.
The high correlation between binding and lubrication shows that the lubrication mechanism of the lubricin-mimetics is strongly dependent on their ability to bind to the articulating surface. By binding to and modifying cartilage surfaces, these mucin-like polymers can act as boundary lubricants. In a similar vein, hyaluronic acid (HA) has been tethered to the cartilage surface to expand its lubricating abilities and effectively lubricate cartilage within boundary friction in vitro. 30 Another group has managed to increase the lubricin concentration on the surface of cartilage by similarly modifying the binding domain. 43 Modified chondroitin sulfate has also shown to bind to and lubricate articular cartilage surfaces. 44 To our knowledge, this is the first report of entirely synthetic lubricants containing hydrophilic, bottle-brush structures analogous to lubricin, the native boundary lubricant of the joint, that have successfully bound to and lowered boundary friction coefficients of cartilage.
The lubricin-mimetics bound rapidly to cartilage surfaces, exhibiting both time-and dose-dependent behavior. The lubricating abilities of the polymers also exhibited both time and dose dependencies. The lubricating and binding behaviors of the synthetic lubricants closely paralleled each other with all time constants less than 40 min and both dissociation constants and half maximal effective concentrations on the order of 1 mg/ml. This underscores the therapeutic potential of these lubricating polymers, as they would bind to the collagen of cartilage surfaces in synovial joints long before they would be cleared from the synovial fluid. Additionally, they would lubricate the cartilage at reasonable and soluble doses, facilitating their promising use as treatments for joint injury and disease.
Like native lubricin, the lubricin-mimetics exhibit dose-dependent lubricating behavior, but do so less efficiently than the native glycoprotein. The pAA-g-PEG copolymers bind through thiols, which bind to collagen throughout cartilage with an EC 50 of 2.5 mM. 45 By contrast, the C-terminus of lubricin has affinity to both fibronectin and collagen, 24, 46 and binds to cartilage surfaces with an EC 50 of 43 nM. 26 This discrepancy in binding efficiency could contribute to lubricin's superiority as a cartilage lubricant. The specificity of the pAA-g-PEG was not determined, and future studies characterizing its interaction with cartilage components such as type II collagen and fibronectin may provide insight on how to improve the binding efficiency. To more closely mimic the C-terminus of lubricin and increase the lubricating abilities of the mimetics, the thiol terminus of the polymers can be modified to enhance binding. For example, the peptide sequences TKKTLRT, SQNPVQP, and WYRGRL bind to collagen with IC 50 s within the range of 100-300 nM. 47, 48 Furthermore, WYRGRL has been used to bind nanoparticles to type-II collagen of cartilage tissue for potential therapeutic purposes, 48 and as a tether for the attachment of other cartilage lubricants. 30 The peptide sequences VVEEDTTPQRPDVLVGGQSDPIDI-DITEDTQPGMSGSNDAT 49 and VETEDTKEPGVLMG GQSESVEFTKDTQTGMSGQTASQ 50 target fibronectin with EC 50 s much less than 1 mg/ml.
Binding times for the lubricin-mimetics increased with pAA backbone size, PEG side chain size, and PEG:pAA side chain density (p < 0.05). These data are consistent with trends observed with thiol-terminated polymer SAMs, where larger molecules take longer to assemble on surfaces. 51 The lubricin C-terminus consists of a 120-peptide sequence of approximately 20 kDa 26 and 2-3 nm in length. 52 Increasing the size of the binding domain and the separation distance from the dense brush of the mucin-like domain may facilitate binding. This larger domain with increased separation could be incorporated on the mimetics by adding a polymer spacer and simply changing the molecular weight of the polymer would allow modulation of the separation distance between the lubricating domain and the binding domain, and potentially improve binding efficiency.
The lubricin-mimetics lubricated cartilage at concentrations of 3 mg/ml, with six of the eight polymer configurations providing significantly lower boundary friction coefficients. Four of these polymer configurations had friction coefficients statistically similar to those of the truncated lubricin mutant LUB:1, and the coefficients of the other two polymers were significantly lower. LUB:1 effectively lubricated cartilage and has shown chondroprotective ability. 11 The
ability of lubricin and LUB:1 to prevent cartilage damage is believed to be tied to the protective layer and lubricating film that they form when attached to the surface of cartilage. 25, 53 In this case, the six synthetics that reduced friction levels have similar potential to prevent the progression of cartilage damage and degeneration, with three doing so more effectively than the mutant LUB:1. An in vivo study would determine which lubricin-mimetics protect synovial joints from degradation and provide insights on the chondroprotective mechanisms of lubricin. Furthermore, a relationship between chondroprotective ability and lubrication could be determined by testing a range of lubricin-mimetics with different friction coefficients.
Two of the more researched lubricants of cartilage are lubricin and hyaluronic acid (HA). Lubricin's ability to operate as a boundary lubricant of cartilage is tied to its ability to attach to and hydrate the cartilage surface. Mucin-inspired synthetic boundary lubricants have been shown to lubricate mica and metal surfaces through similar mechanisms of binding and hydration. 29, [40] [41] [42] Other polymers have been shown to effectively lubricate cartilage, but as viscous lubricants similar to hyaluronic acid and not as tethered boundary lubricants. 54 However, it was recently demonstrated that lubricin enables aggregation of HA at the cartilage surface, producing low friction even at low sliding speed. 37 One group was able to tether the larger viscous lubricant HA to the cartilage surface to demonstrate boundary lubricating capacity, but did not mimic the passive binding domain that allows lubricin to self-assemble on cartilage surfaces. 30 To our knowledge, however, the pAA-g-PEG polymers presented in this study are the first known lubricin-mimetic, synthetic boundary lubricants on cartilage surfaces.
In this study, pAA-g-PEG copolymers effectively mimicked the structure and function of the cartilage lubricant lubricin. A library of eight polymers were synthesized with varying pAA backbone size, PEG side chain size, and PEG:pAA side chain density. The copolymers bound to cartilage surfaces with binding time constants ranging from 20 to 41 min, and polymer binding was proportional to lubrication. Six of the eight lubricin-mimetics effectively lubricated cartilage surfaces in vitro, with two mimetics lubricating more effectively than the lubricin-mutant LUB:1. Based on the chondroprotective ability of lubricin and LUB:1, these new materials may have promise as OA therapies.
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